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Lower stratospheric temperature differ encesbetween
meteorological analysesn two cold Ar ctic winters and their
impact on polar processingstudies
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Abstract. A quantitatve comparisorof six meteorologichanalysess presented
for the cold 199-2000and1995-196 Arctic winters. Using different analyzd
datasetsto obtaintemperauresandtemperdure historiescan have significant
consequencesThe areawith temper&uresbelov a polar stratosphericloud
(PSC)formationthresholdcommonlyvaries by ~25% betweenthe analyses,
with somedifferencesover 50%. Biasesbetwea analysesvary from yearto
year;in January2000,Met Office analysesverecoldestandNationalCentes for
EnvironmentalPredicton (NCEP)analysesvarmestwhile NCEPanalysesvere
usuallycoldesin 19%-1996andNCEP/NationalCenterfor AtmospheridResearh
ReanalysigREAN) usuallywarmest.Freie Universitt Berlin analysesare often
colderthan othersat T<205 K. EuropeanCentrefor Medium-RangeNeaher
Forecast{ECMWF) tempersauresagreel bette with otheranalysesn 1999-2@0,
after improvementsin the assimilaion sygem, thanin 19951996. Temperatre
history casestudiesshav subsantial differencesusingMet Office, NCER REAN,
ECMWE, andNASA DataAsdmil ation Office (DAO) analysesin January2000
(whena large cold region was centeed in the polar vortex), all analysegjave
qualitatvely similar results.However, in February2000(a muchwarmerperiod)
andin JanuaryandFebruaryl996(comparablycold to January2000but with the
cold region nearthe polarvortex edge) distributionsof “potential PSClifetimes”
andtotal time spentbelov a PSCformationthresholdvariedsignificantlybetwee
theanalysesLargestpeakan “PSClifetime” distributionsin January2000wereat
4-6 and11-14dayswhile in 1996,they wereat 1-3 days.Different meteorologial
conditionsin comparablycold wintershave alargeimpacton expectatonsfor PSC
formation and on the effects of discrepan@sbetweendifferent meteorological
analysesMet Office, NCER REAN, ECMWF, andDAO analysesarecommonly
usedin modelingpolarprocesseghe choiceof analysiscanstronglyinfluencethe
resultsof suchstudies.
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ing the 1999-2000Arctic winter to investigateprocessem-
volvedin Arctic ozoneloss. The 1999-2000winter wasone
of the coldeston record,comparablén recentyearsonly to
1995-1996[e.g., Manng/ and Sahutis, 2000; Davieset al.,
2001]. Thereis evidencefor substantiabzonelossin both
winters [e.g., Manng et al., 1996a; Santeeet al., 2000],
andfor widespreadienitrificationin 1999-200(e.g.,Santee
etal., 2000]. Numerousstudiesof polar processesnclud-
ing polar stratosphericloud (PSC)formation, denitrifica-
tion andozoneloss, have beenandarebeingconductedor
the 1995-1996and, espedlly, the 1999-2000Arctic win-
ters[e.g., Nevman et al., 2001]. PSCformation, compo-
sition, and the potentialfor denitrificationall dependcrit-
ically on temperature;chlorine activation and subsequent
ozonelossarein turn stronglydependenonthoseprocessge
[e.g.,World Meteoblogical Organization 1999, andrefer
encegherein].

While mary instrumentsmadelocal temperaturemea-
surementsluring SOLVE/THESEO 2000, polar processing
studiesfrequently require large-scalemeteorologicalanal-
yses. The most commonly used productsfor polar pro-
cessstudieshave beenthosefrom the US National Cen-
tersfor EnvironmentalPrediction/ClimatePredictionCen-
ter (NCEP),the U.K. Met Office, the NCEP/NationalCen-
ter for AtmosphericResearciHNCAR) Reanalyis Project
(REAN), the NASA Data Assimilation Office (DAO), and
the EuropearCentrefor Medium-RangéNeatherorecasts
(ECMWEF); also, temperaturesnd geopotentiaheightson
afew levelsin thelower stratospherare produceddaily by
the FreieUniversi&tBerlin (FUB). Windsfrom the Met Of-
fice, REAN, DAO, andECMWF data,andwinds calculated
from the NCEP data,are commonlyusedto drive transport
modelsandtrajectorycalculationgor polarprocesstudies.

Several studieshave comparedsubsetsof the analyses
listedabove or comparedneor moreof themwith otherlo-
caltemperaturaelatasets.Manng et al. [1996b]foundthat
NCEP temperaturesvere consistentlycloserto radiosonde
temperatureandlower thanthosefrom the Met Office dur-
ing the 1991-1992and 1994-1995Arctic winters. Knud-
sen[1996], Knudsenet al. [1996], and Pullen and Jones
[1997] found similar warm biasesn ECMWF andMet Of-
fice temperaturesvith respectto sondesand other balloon
obsenationsin several Arctic winters. Pawsonetal. [1999]
comparedemperaturegrom the FUB datawith thosede-
rived from geopotentialheights from the TIROS Opera-
tional Vertical Sounding(TOVS) system,and shaved that
the FUB temperaturesvere generallylower, but with large
dispersioraroundthe meandifference.Manng and Sahutis
[2000] shavedthatMet Office minimumtemperaturesvere
lower thanthosefrom NCEPin January2000. Davieset al.
[2001] found thatin cold regions Met Office temperatures
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werelower thanECMWF temperaturegn January2000but
higherin February2000. They alsoshoved that chemical
transportmodel (CTM) runsdrivenwith ECMWF andMet
Officefieldsproducedsignificantlydifferentpatternsof den-
itrification, chlorineactivation,andozoneloss.

During SOLVE/THESEO2000,someanalysedempera-
tureshave beencomparedwith in situ, balloon,and sonde
measurementsB. M. Knudsenet al. (“Accuray of ana-
lyzed stratospheridemperaturesn the winter Arctic vor-
tex from infrared Montgolfier long durationballoonflights.
Part 1l: Results] submittedto Journal of GeophysicaRe-
search - Atmosphegs hereinafteKnudsenretal., submitted
manuscriptcomparedemperatureom ECMWF, Met Of-
fice, NCER REAN andDAO analyss with thosefrom long-
durationballoonflights during SOLVE/THESEO2000;they
foundthatthe NCER REAN, andMet Office datahadlarger
scatteraroundtheballoonvaluesthanthe ECMWF data,and
thatMet Office, REAN, andNCEPdatahada cold biaswith
respecto balloonmeasurementat high temperaturesand
a warm biasat low temperaturesBevilacquaet al. [2001]
comparedMet Office datawith high-latitude radiosondes
from Novembe 1999throughJanuary2001andfoundlarger
individual differencedater in the seasonput no clear sys-
tematicor time-varyingbias. Daviesetal. [2001] notedthat
Met Office Januarytemperaturewerelowerthanthosefrom
radiosondesit somestationsin the high Arctic. S. Pawson
et al. (“Stratospheric@analysisandforecastingn the North-
ernwinter of 1999/2000:The NASA DAQO’s GEOS-3sys-
tem”, submittedto Journal of GeophysicaReseath - At-
mosphees, hereinaftePawson etal., submittedmanuscript)
comparedDAO analyseswith radiosondesand with data
from the MeteorologicalMeasirementSystem(MMS) on
NASA's ER-2 aircraft. They foundthe DAO analysedo be
generallyslightly colderthanradiosondeg thelower strat-
osphergbut with geographicavariationsin the sign of the
bias),andto have a small (<1 K) warmbiaswith respecto
MMS temperaturesS.Bussetal. (“Arctic stratospheritem-
peraturan thewinters1999/2000and2000/2001:A quanti-
tative assesmentand microptysical implications”, submit-
tedto Journal of GeophysicaReseath - Atmosphezg com-
paredECMWF andMet Office temperaturesvith radioson-
desandMMS obsenrations,andfound thatwhile ECMWF
hadoverall smallerbiasesMet Office analysesapturedhe
lowesttemperaturedetter J. Burris et al. (“Validation of
temperatureneasurementsom the AirborneRamanOzone
Temperatureind AerosolLidar during SOLVE”, submitted
to Journal of GeophysicalReseath - Atmosphezg com-
paredAirborne RamanOzoneTemperatur@andAerosolLi-
dartemperaturewith Met Office, DAO,andREAN analyses
in Decembefil999andfounddifferences<1 K below 25km.
Theseand future studiescomparingtemperatureanalyses
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with measurementsill behelpfulin assssingtheaccurag
of ananalysisfor specificperiodsandlocations. However,
becausemost polar processingstudiesrequire large-scale
analysesbecausenary processgin suchstudiesdependso
critically ontemperaturéespecially‘threshold”’phenomena
suchasPSCformation),and becausat is inherentlydiffi-
cult to quantifythe uncertaintiesn the meteorologicabnal-
ysesit is alsoveryimportantto assestheimpacton model-
ing studiesof the differentmeteorologicabnalysesisedfor
modelinput.

In the following, we comparetemperaturesrom all of
thecommonly-usedneteorologicaanalysesor thecoldand
much-studied 999-2000and1995-1996Arctic winters.We
focuson comparison®f low temperature¢hatarerelevant
to PSCformationandchemicalbzoneloss.We alsoexamine
temperaturehistoriesalong trajectoriesto explore in more
detailhow differenceshetweerthe analysesnay affect po-
lar processingtudies.In comparinganalysesandtempera-
ture history differencebetweenl995-1996and1999-2000,
we shav how differentoverall meteorologicatonditionsin
comparablycold wintersmay impactboth polar processing
andtheagreemenbetweermeteorologicatlatasets.

2. Data and Analysis
2.1. Data

A brief descriptionof the analysissystemscompared
here,includingkey referencess givenbelow.

2.1.1. Met Office Data. The Met Office dataarefrom
thetroposphere-stratospheatataassimilationsystemdevel-
opedfor the Upper AtmosphereResarch Satellite(UARS)
project[Swinbankand O’Neill, 1994], and have beenpro-
ducedsinceOctoberl991. Theassimilatiorusesananalysis-
correctionschemeasdescribedy Lorencetal. [1991]. The
model upon which the Met Office assmilations are based
usesa hybrid vertical coordinate changingfrom a terrain-
following coordinaten thetropospheréo apressureoordi-
natein the stratospherewith verticalresolutionof ~1.6 km
in the stratosphere. Satellite data usedin the Met Of-
fice assimilationsareNationalErvironmentalSatelliteData
andinformationServicelNESDIS)layermeantemperatures
fromthe TOVS sounder®ntheNationalOceani@andAtmo-
sphericAdministration(NOAA)' s TIROS-Nseriesof satel-
lites. The Met Office data(three-dimensionalvinds, tem-
perature,and geopotentiaheight) are suppliedonce-daily
at 12UT on a 2.5 latitude by 3.75 longitudegrid, and at
UARS pressurdevels (6 levels per decaden pressurepe-
tween1000and0.3 hPa (~2.5km vertical spacing).There
werenomajorchangesn theMet Office assimilatiorsystem
betweer1995-1996and1999-2000However, erroneousop
level 0zonedatawerein usein 1999-2000resultingin large
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decreasem upperstratospheritcemperaturesgomparisons
with analysesfrom the new three-dimensionavariational
(3D-Var) assimilationsystem[Lorencet al., 2000] that be-
cameoperationaln late 2000,andwith Met Office analyses
beforethe error wasintroducedsuggesthat the erroneous
top level ozonecouldalsoaccountfor asystematicecrease
of ~1 K in lower stratospheritemperatures.

2.1.2. NCEP Data. TheNCEP/CPQobjective analysis
systemis a modified Cressmaranalysisfor pressurdevels
70,50,30,10,5,2,1,and0.4hPa[Finger etal., 1965,1993;
Gelmanetal., 1986,1994]; theseanalysehave beenavail-
ablesinceJunel979.Theanalysesn theupperstratosphere
are basedon TOVS and Revised TOVS (RTOVS) data; at
and belov 10 hPa, radiosondedataare also used. Analy-
sesatandbelowv 100hPaarefrom thetropospheri@nalysis
andforecastcycle [Derberet al., 1991], which directly as-
similatesradiance$rom the TOVS instrumentgDerberand
WU, 1998; McNally et al., 2000]. The NCEP dataare pro-
vided oncea day at 12UT on a 65x 65 polar stereographic
grid for eachhemispherefor theanalyseshavn here these
have beeninterpolatedo a 2.5’ x5° latitude/longitudegrid.
Horizontalwinds are calculatedfrom the NCEP geopoten-
tial heightsusinga form of the primitive equationghat ne-
glectsthe vertical advectionandtime tendeng terms[Ran-
del, 1987;Nevmanetal., 1989]. Severalchangesveremade
in the satellite datainputs to the NCEP objective analysis
systembetween1995-1996and 1999-2000;differencesn-
troducedby thesechangesretypically smallerthan1 K be-
low 10 hPa.

2.1.3. NCEP/NCAR ReanalysisData. TheNCEP/NCAR
50-year reanalysisproject is describedby Kalnay et al.
[1996] andKistler etal. [2001],andis basedbn aversionof
the3D-Varschemausedin NCEPsoperationaforecastys-
tem. This includesa spectralmodelat T62, with 28 sigma
levels in the vertical, and coarsevertical resolutionin the
lower stratosphereThe assimilationsystemhasbeencon-
stant(althoughthe inputs have changed)during the entire
periodof the reanalysis After 1978,the NESDISretrievals
of TOVS/RTOVS datawere included. The REAN data,
including winds, temperatureand geopotentiaheight, are
availableat 17 pressurdevelsbetweerl000and10 hPa (in-
cluding100,70,50,30,20,and10hPa),ona2.5° x 2.5 lati-
tude/longitudegrid. They areavailableasboth4 timesdaily
and daily averagefiles. Trenberthand Stepaniak[2001]
noteda pathologicalproblemin REAN datain the strato-
spherethat affects primarily the wind fields over steepto-
pograply; althoughstrongeseffectsareoverthe Andes,the
topograply of Greenlands large enoughthat sucheffects
mightbepresentn Arctic winter (K. Trenberthprivatecom-
munication).In March1997,a problemwith filtering of the
TOVS datawasintroduced,which resultedin global mean
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temperaturencreasesiearl00hPa; this problemmay have
hadsomeimpacton the lower stratospherievinds andtem-
peraturesusedherefor 1999-2000. The REAN dataafter
March1997arebeingrerun;preliminaryresultsndicatethat
30 hPa Arctic temperaturesveragedover Januarythrough
March2000areupto ~1 K lowerin the correcteddatathan
in theREAN datausedhere.

2.1.4. Freie Universitat Berlin Data. The Freie Uni-
versitt Berlin dataarefrom a subjectve analysisbasedon
radiosondedataand have beenproducedsince July 1964;
thicknessed$rom satellitesare utilized over data-sparsar
eas[Pawsonand Naujokat 1999]. FUB temperaturesnd
geopotentiaheightsare available oncedaily at 0OUT on a
5°x5° latitude/longitudegrid for the northernhemisphere,
at50, 30,and10 hPa. Sincethesedataareavailableonly on
threelevels, they areusedonly in comparison®f tempera-
tureson thoseindividual levels. The FUB analysissystem
did not changebetweernl 995-1996and1999-2000.

2.1.5.ECMWF Data. ECMWF assimilationsystems
have producedanalysesincluding the lower stratosphere
operationallysince August 1979. The ECMWEF analysis
systemwas considerablychangedetween1995-1996and
1999-2000. The model usesa hybrid vertical coordinate,
changingfrom a terrain-folloving coordinatein the tropo-
sphereto a pressurecoordinatein the stratosphere A 31-
level versionwasoperationain 1995-1996with coarsever
tical resolutionin thelower stratospher@oplevelsat 70,50,
30, and 10 hPa). On 30 Januaryl1996, ECMWF switched
from optimal interpolationto 3D-Var, using preprocessed
NESDISradiancesndradiosondelata[ Ritchie etal., 1995;
Courtieretal., 1998].1n 1999,a 60-level versionwasintro-
ducedgextendingto 0.1 hPawith averticalspacingof 1.5km
between60 and5 hPa[Untch and Simmons1999], provid-
ing substantiallybetterstratospheri@analysesandforecasts.
Additionally, the 4D-Var assimilationsystem(in usesince
1997,Klinker et al. [2000]) now usesraw TOVS/Advanced
TOVS (ATOVS) radiancedMcNally et al., 1999], leading
to additional improvement, espea@lly in the lower strat-
osphere. In 1995-1996,the spectralmodel useda T213
truncation; by 1999-2000the spectralresolutionwas in-
creasedo T319, but a reducedGaussiargrid the sameas
thatfor a T213modelwasused.Spectraddatafor bothwin-
tershave beentransformedo a2.5° x 2.5° latitude/longitude
grid. Dataareusedhereat 100, 70, 50, 30, and 10 hPa for
1995-1996and 100, 70, 50, 30, 20, 10, 7, 5, and 3 hPafor
1999-2000.

2.1.6. NASA Data Assimilation Office Data. TheDAO
analysesare performedwith the GoddardEarth Obsena-
tion System,version3 (GEOS-3)dataset. The dataset
is obtainedby the assimilationof ground-and space-basd
obsenationsin a systembasedon the GEOS model, the
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Physical-spaceStatistical Analysis Scheme(PSAS, Cohn
et al. [1998]) and the IncrementalAnalysis Update(IAU,
Bloom et al. [1996]) techniqueof combining model fore-
castand analysis. Aspectsof the GEOS-3datarelevant
to the middle atmosphereare describedin more detail by
Pawsonet al. (submittedmanuscript). The analysesn the
lower stratospherareimpactedmoststronglyby theinclu-
sionof radiosond®bsenationsof wind andtemperaturand
by geopotentiathicknessesrom NESDISretrievals. Anal-
ysesare producedfour times a day on a 1°x 1.25 lati-
tude/longitudegrid on 48 terrain-folloving levels with a
verticalresolutionof aboutl.2km in thelower stratosphere.
For the purposef this studythe 12UT datawereinterpo-
latedto a 2° x2.5° latitude/longitudegrid on standardnete-
orologicallevels, including 100, 70, 50, 40, 30, 20, 10, 7,
5, and3 hPa. In 1995-1996 DAO datawereproducedus-
ing GEOS-1;thesedataarenotwidely usedin polarprocess
studiessoarenotincludedin this comparison.

2.2. Diagnostics

While someof the datasetsusedhereareavailableup to
four timesdaily, the diagnosticsshavn herearedoneonce
daily at 12UT (exceptfor the FUB, which is availableonly
atoouUT), for comparability;Knudseretal. [2001] andKeil
et al. [2001] notedthat differencesin time resolutionhave
a larger effect than spatialresolutionon calculatedtrajec-
tories. The REAN calculationshave beenmadeusingboth
the 12UT and daily averagedatasets,and differencesare
muchlessthanbetweendifferentanalysissystems.Analy-
sesof minimumtemperaturegandareasof low temperature
aredoneonthegridsnotedabore, wherethehigh-resolution
datasets(DAO, ECMWF) wereinterpolatedto grids com-
parableto otherdatasets.To plot vertical sectionstheanal-
ysesarelinearly interpolatedn log-pto UARS pressurdev-
els. For gridpoint-bygridpointtemperatureomparisonsall
otheranalysesrebilinearlyinterpolatedo thecoarsesgrid,
5°x5°, of the FUB data. PotentialVorticity (PV) is calcu-
latedfrom eachdatasetusinga versionof thealgorithmde-
scribedby Manneg et al. [1996b], adaptedfrom Nevman
etal. [1989].

Theareawith temperaturéessthantheformationthresh-
old for nitric acid trihnydrate (NAT) PSCs(Tnar), ascalcu-
lated by Hansonand Mauersbeger [1988], is shavn here.
To obtain “standard” profiles for the calculation,we have
averagel UARS CryogenicLimb Array Etalon Spectrom-
eternitric acid and Microwave Limb Sounderwater vapor
dataduring Decemberand January1991-1992and 1992-
1993. Using theseprofiles,the NAT thresholdat 50 hPa is
195.5K (HNO3 =9.1pphv, H,O =5.0ppmv)andat 30 hPa
is 193.5K (HNO3 = 12.0pphbv, H,O = 5.5 ppmv). For cal-
culationson the 465-K isentropicsurface, 195K is usedas
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anapproximatevaluefor the NAT threshold.

Isentropictrajectorycalculationsat 465K areusedto ob-
tain temperaturénistoriesfrom Met Office, NCER REAN,
ECMWEF andDAO analysesThetrajectorycodeis anisen-
tropic versionof thatdescribedoy Manney etal. [1994a]. It
usesonce-daily(12UT) horizontalwinds from eachanaly-
sis on the latitude/longitudegrids describedabore. While
isentropictrajectoriesarenotrealisticfor 20-30-dayperiods
(thelengthof calculationgionehere) thesecalculationgro-
vide quantitatve comparison®f very large numbersof tra-
jectoriesin orderto characterizalifferencesbetweenanal-
ysesandthe impactof differentmeteorologicatonditions;
they areneitherintendednor appropriatefor detailedpolar
processingtudies.

3. Synoptic Temperature Comparisons

Examinationof monthly averageandminimumtempera-
tures,the numberof dayswith T<Tnar [€.g9.,Manne and
Sahutis, 2000], and other diagnosticsin the lower strato-
spherandicatethattherearenotabledifferencedetweerthe
analyse®venin monthly means.In both Januariestemper
aturesremainedbelonv 195K for the entire monthin sub-
stantialregions[e.g., Naujokatand Pawson 1996; Manne/
and Sahutis, 2000]; the sizeof theseregionsvariesbetween
analyses.Thefactthat substantiatifferencesarevisible in
monthly meanssuggestshe presencef persistentsystem-
atic differencedetweeranalysisemperatures.

Plate 1 shows time seriesof 50 hPa minimum temper
aturesfrom November throughMarch in the two winters.
The evolution of minimum temperaturesasshavn here,is
frequently usedin polar procesimg studiesto provide an
overview of thetimesfavoring PSCformation[e.g.,Manne/
etal., 1994b;Bevilacquaet al., 2001]. While the lines for
variousanalysedrequently cannotbe easily distinguished,
the envelopeindicatesdifferencesbetweenanalysesof up
to ~5 K, with mary of the largestdifferencesoccurringat
low temperatures.Somesystematicdifferencesare appar
ent: In December1999 and January2000, the Met Office
analysesare usually coldest,while the NCEP analysesare
oftenwarmest.In contrast,n 1995-1996 the REAN anal-
ysesareusually andthe Met Office occasionallywarmest,
while theFUB andNCEParecoldestduringJanuaryLarger
differenceswith similar apparenbiasesareseenat 30 hPa
(notshawn), with theREAN datain 1995-1996tandingout
asalmostalwaysl1-2 K warmerthantheMet Office, whichis
in turnusuallywarmerthantheECMWEF, NCER andREAN.
Sincethe analysedliffer by up to 5 K, andsincetheseesti-
mateswould be expectedto vary further dependingon the
grid thatis usedwhenfinding the minimum values,conclu-
sionsregarding minimum temperaturesiravn solely from
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one of thesemeteorologicaknalyseanay be uncertainby
well over5 K.

Comparinghecurvesfor 1999-200Qwith thosefor 1995-
1996emphasizefow similar thesetwo winterswerewhen
judgedsolely by the minimum temperaturevolution: Both
show very low temperaturesn Januaryanincreasean late
Januarylower temperaturesgain in February and a final
warmingbeginningin mid-March. While January2000was
slightly colderthanJanuary1996,Februaryl996wascolder
thanFebruary2000.

Similar patternsof differencesbetweenanalysesanbe
seenin Plate 2, the areawith T<Tnar (referredto here-
inafterasAnar). Overallvariationsn Ayar werecommonly
~25%, andoccasionallyover 50% (e.g.,at 30 hPain Janu-
ary 1996),during the cold periods,with from 7 to 17 days
differencebetweeranalysesn time spentat T<Tnar. Con-
sistentwith the higher minimum temperaturesthe REAN
standutat30hPawith smallestA yat andfewestdayswith
T<Tnar. While ECMWF shaved relatively large Anat at
30 hPain late Decemberl995andJanuaryl1996,it shaved
substantiallysmallerAnat at50 hPathantheotheranalyses;
this differencebetweenevels wasabsenin the 1999-2000
ECMWZFdataandwasreducedn FebruaryandMarch1996,
probablyasaresultof improvementsn theassmilation sys-
tem (section2.1.5). The Met Office analysedhiadamongthe
largestAnar in 1999-2000andthe NCEPamongthesmall-
est,while theoppositewastruein 1995-1996 Anar in Janu-
arywascomparabldetweerthetwo yearsbut abit largerin
2000;Anar in Februarywaslarger(in bothareaandvertical
extent)in 1996thanin 2000.

Plate 3 shavs a comprehensie pressure-timeview of
AnaT (calculatedasa function of pressurenitric acid, and
watervapor asdescribedn section2.2). The Met Office
analysisn 1999-200Gshawvs strikingly larger Anat thanary
otheranalysisn NovemberthroughJanuaryThevery large
areaof low temperaturegxtendinginto the middle strato-
spheran the 1999-2000Met Office datalik ely resultsfrom
the erroneougop-level ozonedatain useat this time (sec-
tion 2.1.1). The NCEP analysesshov muchsmallerAnar
than the other analysesfrom December1999 through Fe-
bruary2000. In contrast,in 1996the NCEP analyss shov
overall larger Anat, andthe REAN smaller althoughdif-
ferencesdbetweerall analysesarelargerin 1995-1996than
in 1999-2000.From the areasshavn here,the Met Office,
REAN, and ECMWF (aswell as FUB at 30 and 50 hPa,
Plate2) analysesuggesthat conditionswere more favor-
ablefor PSCformationin thelower stratospheren January-
Februarn2000thanin January-Februard©96,buttheNCEP
analysesuggesthe opposite.

Turning to a more generalcomparisonof high-latitude
temperaturegsigurel shows, at 50 hPa for JanuaryandFe-
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Plate 1. Time seriesof minimum temperaturgK) at 50 hPa for Novemberthrough March (left) 1999-2000and (right)
1995-1996for six analysegfive in 1995-1996) Minima aresearchedor northof 40°N.
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Plate 2. Time seriesof the area(north of 30°N) with T<Tnar (fraction of a hemispherejt (top) 30 and (bottom)50 hPa
for NovemberthroughMarch(left) 1999-2000and(right) 1995-1996or six analysegfive in 1995-1996) Numbersfor each
analysisindicatethetotal numberof daysspentat T<Tnar.
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1999-2000 1995-1996
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Plate 3. Pressure/timeross-setionsof theareawith T<Tyar (fractionof ahemispherefor 15Novemberthroughl5March,
in 2000and1996,from (top to bottom)Met Office, NCER REAN, ECMWF, andDAO (1999-2000nly) temperatures.
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Figure 1. Scatterplots of the differencebetweentemperaturesrom eachanalysisand the ensemblemeantemperature
(averageover all analysesat eachgrid point) asa function of the ensemblenean,for all gridpointson a 5°x5° grid from
60° to 90°N, at 50 hPa, for Januaryand February2000and1996. The shadedegion shaws the areafilled by the individual
scatteregboints. The solid trianglesshawv the averagedifference(analysisemperature ensembleneantemperaturejn each
1-K averagetemperaturdin. Thethin line is at zerodifference.
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bruary the differencebetweereachof theanalysisempera-
turesandthe ensemblanean(the averagetemperaturever

all analysesat eachgridpoint) in the region north of 6(°N,

versugheensemblenean.As describedn section?2.2,these
comparisonsveremadeona5°x5° grid. Tablel shovsthe
averagedifferencedetweerthe ensemblaneanandeachof

the analysesor NovemberthroughMarchin the two win-

ters. As seendramaticallyin Figure 1, by far the largest
scattetaroundthe averagadifferences in the FUB analyses
The FUB analysesrecloselymatchedo radiosondebser

vationsandconsequentlynay capturdocal variationsin the
vicinity of theradiosondestationsthataresmoothedverin

theothersystemgshatalsogive weightto low verticalresolu-
tion satellitedatale.g.,Pawsonetal., 1999]; however, away

from the radiosondelocationsthey are more poorly con-
strainedthanthe otheranalysesand may missor severely
smoothtemperaturevariationsthat occurbetweenobsena-

tion locations.At temperatureabore ~210-215K the FUB

temperaturedave a large warm bias comparedto all the
otheranalysesThe oppositeis generallytrue at lower tem-
peraturesthatis, the FUB datatendto be colderthanaver

ageandthe NCER REAN, andECMWF warmer The Met

Officedataareusuallyneartheensemblenearbut alsoshav

aslightwarmbiasatlow temperatures Januaryl996and
a comparablecold biasin January2000. The cold biasin

the Met Office dataat lowesttemperaturem Februaryl 996
comesfrom two or threevery cold days(including 20 Fe-
bruary)whena stronguppertropospheriaidge resultedin

alarge cold region nearthe vortex edgein the lower strato-
sphergle.g., Manng et al., 1996a];on thesedays,the Met

Office analysegproducedowertemperaturethanary of the
others.

Table 1 shaws thatthereis considerablevariationin the
overall high-latitudetemperaturdiasesduring the two win-
ters. Of particularnoteis the overall cold biasin Met Office
analyseshroughoutl999-2000¢contrastedvith awarmbias
in November1995throughJanuaryl996. This may be re-
latedto theincorrecttop-level ozonedatausedn 1999-2000.
In bothyearsthe FUB shows large cold biasesn November
andDecembersmallercold biasesn Januaryandwarm bi-
asesin FebruaryandMarch. NCER REAN, ECMWEF, and
DAO all shov modestwarm biasesin Novemberthrough
January Root-mean-squardifferencesetweenanaly-
sesandthe average(not shovn) indicatethat FUB analyses
shaw larger scatterthan the other analyseghroughoutthe
winter. Met Office, NCER REAN, and ECMWEF analyses
typically show larger scatterin FebruaryandMarchthanin
earliermonths.

4. Trajectory Histories

Temperaturdistoriesalongtrajectoriesareusecdto exam-
ine morecloselyhow the meteorologicatlatasetusedmay
affect calculationsccommonto polarprocessingtudies.

To examine temperaturehistoriesat high latitudesand
in the vortex, 30-dayback trajectorieson the 465-K isen-
tropic surfacewere run for parcelsinitialized from 40° to
9(’N on anequalareagrid with 0.5° x 0.5’ equatorialspac-
ing (~50 km spacing,~30,000 parcels); parcel positions
were saved every 3 hours. Theserunswere initialized on
30 Januaryand 10 March 1996 and 2000. From these we
constructedmapsof the total numberof daysair was at
T<195K (Plate4). This diagnosticis relevantto chlorine
activation, in that the total time air parcelsspendin PSCs
stronglyinfluencegheamountof chlorineactivation. In Jan-
uary 2000, eachof the analyseshaows parcelsremainingat
T<195K for theentire30-dayperiod;however, the number
andspatialdistribution of the parcelshatdo sovary consid-
erablybetweerthe analysesThe maximumtotal time spent
atT<195K is 14-16,17-20,and10-12daysfor the Febru-
ary/March 2000, January1996, and February/Marchl996
casesrespectrely. As will be seenbelow, temperaturein
1999-2000were usually nearly concentricwith the vortex
[e.g., Manng and Sahutis, 2000], while in 1995-1996the
cold region wasfrequentlynearthe vortex edgefe.g., Man-
ney etal., 1996a]. Temperaturesvere comparablén Janu-
ary 2000,Januaryl996,andFebruary/MarcH 996. In Jan-
uary 2000, however, the parcelsspenta longertime being
adwectedwithin the cold region, ratherthanmoving in and
outof it asthey did in 1996.Lessvariability in thevortex and
low temperatureegion, anda strongercorrelationbetween
thoseregions,in January2000thanin the otherperiodscan
alsobe seenin the positionof the overlaidtemperatureon-
tours,which areaveragedover the durationof thetrajectory
runs.

Comparedo the otheranalysesthe NCEP plot in Janu-
ary 2000shaws higheraveragetemperaturesndthe vortex
lesscompletelyfilled with parcelsthat remainedcold for a
long time. The Met Office and, to a someavhat lesserex-
tent, the ECMWF analysesshov more of the vortex filled
with air that spentthe entire monthat low temperature.n
eachof theotherthreeperiodsthe REAN calculationsshov
the shortesttimes at low temperatureand highestaverage
temperaturesin 1996, the NCEP resultsshowv the longest
time andlargestareaof parcelsatlow temperaturgalthough
ECMWF valuesarenearlyaslarge,andECMWF shavs the
lowest averagetemperatures) Many of the analyseshowv
materieldravn off the vortex thathasspentsignificanttime
at low temperature.ln March 2000, ECMWF trajectories
shav considerablymoreprocesseair in thelarge fragment
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Plate 4. Maps of total time spentat temperaturedbelov 195 K in the 30 days prior to (left) 30 Januaryand (right)
10 March 2000 and 1996, from 465-K back trajectory calculationsfrom 40°N to the pole (seetext) for (top to bottom)
Met Office, NCER REAN, ECMWEF, and DAO (2000 only) trajectories. Note that the color scaleextendsto 30 daysfor
30January2000,15 daysfor 10 March2000and30 January1996,and10 daysfor 10 March 1996. Overlaid white contours
shav averagetemperaturesver the 30 daysof the runs; contourvaluesare 200,195,and190K (outermosto innermost).
The mapprojectionis orthographicwith 0°longitudeat the bottomand9(°E to theright. The domainis from 40°N to the

pole,with athin dashedine at 60°N.
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Table 1. Average60°—9C°N 50 hPatemperaturalifferences

Analysis Month
Nov Dec Jan Feb Mar

1999-2000

Met Office -0.08 -0.06 -0.59 -0.32 -0.50

NCEP 094 107 071 -029 -0.15
REAN 026 034 015 -029 -042
FUB -3.10 -2.76 -0.72 194 1.65
ECMWF 067 070 037 -101 -1.07
DAO 134 070 022 -0.03 0.16
1995-1996

MetOffice 043 0.72 041 -0.04 -0.50

NCEP 0.15 0.24 -044 -082 -1.08
REAN 066 074 046 018 -041
FUB -2.17 -3.09 -093 123 313

ECMWF 094 139 049 -076 -1.42
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beingpulled off the vortex southof Alaska;bothNCEPand
ECMWEF shav moreprocessedir thantheotheranalysesn

thetonguebeingpulled off the vortex in March1996. This
behaior mayhaveimplicationsfor themixing of chemically
processeair into midlatitudes[e.g., Norton and Chipper

field, 1995].

To examinein more detail the history of parcelsat low
temperaturetrajectoryrunsat 465 K were initialized with
parcelson an equalareagrid with 0.25 x0.25 equatorial
spacingwithin the areawith T<195 K on the initializa-
tion day; theseruns used~1800-18,000parcels,depend-
ing on the initialization day and the analysis. Theseruns
were initialized on 10 Januaryand 20 February1996 and
2000; 20-daytrajectorieswererun both backward andfor-
ward,andthe parcelpositionsweresared everyhour. Plateb
shavs temperaturesalongwith an indication of the extent
andstrengthof the polarvortex, on two of the initialization
days,10 January?2000and20 February1996. Besidessub-
stantial differencesin the size of the cold region between
analysegto be quantifiedby the numberof parcelsin each
run), the differencein the relative locationsof the cold re-
gionswith respecto the vortex in 2000versus1996is seen
clearly here; as mentionedpreviously, during most of the
1999-2000winterthecold regionwascenteredn thevortex,
while in 1995-1996jt wascommonlynearthe vortex edge.

The NCEPdatashav a muchsmallerareaof low tempera-
turesonbothinitialization daysin 2000thantheotheranaly-
ses;theREAN datashav asubstantiallysmallercold areain

Februaryl996thanthe otheranalyses The ECMWF anal-
yseson 10 Januaryl996 (not shawvn) have a muchsmaller
areaof low temperaturethantheotheranalysegor thisdate.

Plate6 summarizesheaveragaemperaturdistoryof the
air parcelsin eachof the four periods. Often, differences
of afew K betweeraveragetemperaturdiistoriesfrom dif-
ferentanalysesould affect the amount,type and/orextent
of PSC formation, e.g, on 29 December1999, 5 Febru-
ary 2000,2 Januaryl996,and 14 Februaryl996. Thelarge
scatteraboutthe average(the one standarddeviation enve-
lope of ~10-20K) indicateslarge variationsin the temper
aturehistoriesof differentparcelsall initialized within the
cold region on a given day This scatteris smallerduring
Januaryandearly February2000,whenthe cold region was
nearly concentricwith the vortex. The impactof different
meteorologicatonditionsduringcomparablycold periodss
immediatelyapparentn comparingJanuary2000with both
Januaryand Februaryl996;while mostof the air remained
cold for long periods(tensof daysin somecaseyin Janu-
ary 2000, the initially cold air in both Januaryand Febru-
ary 1996movedrapidly in andout of the cold region. Lower
Met Office temperaturesn January2000 combinedwith a
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10 Jan 2000 20 Feb 1996
| »_ Met Office <

Plate 5. 465K temperaturanapson 10 January2000and
20 February1996,from analysesusedfor trajectorycalcu-
lations (Met Office, NCER REAN, ECMWF, andDAO for
2000). Overlaid white contoursare PV on the samedaysin
the vicinity of the vortex edge. The map projectionis or-
thographic,with 0°longitudeat the bottomand90°E to the
right. Thedomainis from equatorto pole,with thin dashed
linesat30° and60°N. Theblueregion shavstheareabelow
195K in whichtrajectoryrunswereinitialized (seetext).
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cold region that was concentricwith the vortex resultedin
a Met Office averagethatwascontinuouslybelon the NAT
PSCthresholdfor muchlongerthanthe otheranalyses.

Thediscrepanciebetweeranalyseseenin Plates4 and
6 resultfrom differencesin both winds and temperatures.
Plate6 shavs thatthe minimaandmaximaareoftenconcur
rentin all analyse$ut of differentamplitudes Thissuggests
parceltrajectoriesthat are similar, but passthroughdiffer-
enttemperaturextrema.Somequalitative differenceqe.g.,
earlyMarch1996,late Decemberl 995)suggestlifferences
in the morphologyof wind and/ortemperaturdields. In a
further attemptto diagnosewhetherdifferencesn winds or
temperaturesnay be dominant,temperaturehistorieslike
thosein Plate 4 were calculatedusing temperaturegrom
eachof the analyseawith the Met Office trajectoriesand,
conversely trajectoriefrom eachanalysiswith the Met Of-
fice temperaturegnot shovn). While both had significant
effects, in mostcasesusing Met Office temperaturesvith
individual trajectoriesproducedtemperaturehistorieswith
closer agreemenisuggestingthat temperaturedifferences
betweerthe analyseshada greaterimpact). Exceptionsare
for theREAN andDAO analysesn January2000,for which
runswith Met Office trajectoriegproducedloseragreement
(suggestinglifferencesn the trajectorieshada greaterim-
pact). Thusthereis somevariationin which effectis dom-
inant, althoughdifferencesn temperaturanostoften seem
to play alargerrole.

To look morequantitatvely at the differencesn temper
aturehistories Figures2—5shaw histogramdor eachof the
four casesnitialized in the cold regionsof thetotal time the
parcelswereat T<195K (referredto hereinafteasTT195)
during the 40-dayperiod covered by the runs,andthetime
they werecontinuouslyat T<195K beforeandaftertheini-
tialization day (referredto hereinafteras CT195). The for-
merdiagnostiqTT195)is relatedto thetotalamountof pro-
cessingon PSCsandhenceto chlorineactivation. Thelatter
diagnostig(CT195)is moredirectly relevantto PSCforma-
tion anddenitrificationsincethecontinuougime atlow tem-
peratureaffectsthe compositionand size of PSCparticles,
andhencetherateat which they sediment.A gquantitylike
CT195hasbeenusedto estimatepotentialPSC"lifetimes”;
for example, Tabazadetet al. [2000,2001] did similar cal-
culationsduringcold periodsin several Arctic winters,using
40 parcelsin eachcold region and combiningthe statistics
for mary days. The four casa shovn hereare sufiicient to
examinethe dependencef the resultson the analysisand
on a variety of meteorologicakonditions. The numberof
parcelsusedto constructthe histogramss proportionalto
theareaof the cold region on theinitialization day.

In generalthedistributionsof bothTT195andCT195are
broadandmulti-pealed. Substantiatlifferencesareseerbe-
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Plate 6. Plotsof the average(thick solid lines)andonestandardieviation ervelope(thin dashedines)for thetrajectoryruns

initialized within the cold region on (left) 10 Januaryand(right) 20 February(top) 2000and(bottom)1996.
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Figure 2. Histogramsof (left) the total numberof daysspentat T<195K and (right) the numberof dayssurroundingthe
initialization time continuouslyat T<195K for trajectoryrunsinitialized in the cold region on 10 January2000. Thick solid
lines,labels,andarrons arefor the completesetof initialized parcelsshadedines,labels,andarrons arefor asetof 1/256th
of the parcelsobtainedby retainingevery 16thparcelin bothlatitudeandlongitude.The arravs shav the averagenumberof
days;numberof parcelsusedandaveragenumberof daysaregivenin thelabels.
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tweenanalysedn boththeaveragesandthelocationof peaks
in thedistributions.In January2000(Figure2), bothTT195
andCT195distributionsfrom all analysesiave broadlysim-
ilar shapes.The NCEP TT195 distribution is lessstrongly
pealed; the Met Office, REAN, and DAO TT195 distribu-
tionsshav a strongpeaknear28-35,27-33,and24-30days,
respectrely, while the ECMWF distribution shovs multiple
peaksat 13-17,22-25and 30-32 days. The CT195distri-
butionsfrom eachof theanalysehave peaksnearl-2 days,
4-6 days,and 11-14days,with ~65-70%o0f the parcelsin
the 4-9 and 11-16 day bins. About 11-18%of the parcels
staycold continuouslyfor 0-3 days,andall distributionsalso
shav asmallbut significantpeakin CT195(~4%for NCER
~6%for ECMWEF, ~9-11%for others)nearl9-24days.Al-
thoughotherscenariosnayproducehesameresult,amulti-
pealed distribution of expectedPSClifetimesis consistent
with thepresencef bothsmall(liquid and/orsolid) particles
thatform quickly andvery large particlesthattake longerto
grow but would sedimentquickly onceformed, similar to
behaior seenin aircraftobsenations[Fahey etal., 2001].

In February2000(Figure 3), Met Office, NCER REAN,
and ECMWF TT195 distributions have double peaksat
timesvaryingby ~2-5 dayshetweeranalysesthe DAO dis-
tribution hasa very different shape. The CT195 distribu-
tionsfor February2000all shov substantiabualitative dif-
ferenceslin Januaryl 996(Figure4), theTT195andCT195
distributions from Met Office, NCER and REAN analyses
are broadly similar: The CT195 distributions have peaks
near2 and 3 days,with ~25-30%o0f the parcelsin bins at
lessthan?2 days,and~15-30%in binsfrom 2-3 days. The
ECMWEF distributionsfor this period(beforethechangeo a
3D-Var assimilation,section2.1.5)are quite different, with
the CT195 peaksmore closely clusteredaround2.5 days,
and ~30% (~45%) of the parcelsat <2 days(2-3 days).
Each of the TT195 distributions in February1996 (Fig-
ure5) hasa differentcharacterThe NCER Met Office, and
ECMWEF CT195distributionsin Februaryl996arebroadly
similar (~55% of parcelsat2-3 days),while the REAN dis-
tribution shaws strongespeaksat shorterlifetimes (~60%
of parcelsat 1-2 days).

The conditionsin January2000 representa situation
wheretheparcels’historiesarelessdependentn the details
of thewind andtemperaturdields,soa moreconsistenpic-
ture is seenbetweenthe differentanalyses Situationslike
the other periodsstudied(with highertemperaturesnd/or
low temperature¢essconcentricwith the vortex) aremore
commonin Arctic winter[e.g.,PawsornandNaujokat 1999],
soonemay exped trajectory-basetemperaturdistoriesin
generato dependvery stronglyon which analysiss chosen
for thecalculationsln the 1996caseseventhe averagesfor
TT195differ by nearly6 daysbetweerthelongestandshort-
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esttime. PSClifetimesof oneto afew days(asin CT195in
February2000andin 1996)arein therangewheresuchpro-
cesssasphasechange$n PSCanayoccur[e.g., Tabazadeh
etal., 1996,2001;Fahey etal., 2001],soevensmall differ-
encesanbevery significant.

To testthe samplesizeneededo accuratelyrepresenthe
distributions, subsampleof varioussizesweremade.Fig-
ures2—5alsoshaw thedistributionsobtainedoy reducingthe
numberof parceldy afactorof 256. Theimpactof retaining
too few parcelsis clearin February2000 (Figure 3), when
thereductionsresultedin fewer than25 parcelsused;some
of thestrongespeaksduringthis periodareatlocationssub-
stantiallydifferentfrom thosein thefull distribution. While
retaining40-80 parcelsgives a reasonabldaistribution, us-
ing morethan 100 parcelsin ary of thesecasegjave a dis-
tribution very similar in characteto thatobtainedusingthe
completesetof parcels.

The hugeimpactof the different meteorologicalcondi-
tionsin 1996and2000is reflectedin averags andpeaksat
much shortertimesin TT195 and CT195 distributions for
1996thanfor January2000, even thoughthe temperatures
werecomparableo thosein January2000. Average‘poten-
tial PSClifetimes” (CT195)in January2000were9-10days,
whereasn eachof the othertime periods they were1.6-4.0
days,with nearlyall parcelshaving expeded lifetimes less
than7.5days. Theseaverags, however, frequentlylie near
minimain the distributions,andthusare not representatie
of commonlifetimes. The distributionsfor February2000
shav more parcelswith lifetimes over ~3 days(~20-40%)
thanin Februaryl996(~0-7%),eventhoughFebruary2000
was much warmer; short lifetimes in 1996 are consistent
with the locationof low temperaturesearthe vortex edge,
andthe behaior shavn in Plate6. The prevalenceof very
longlifetimesin 1999-2000mayhaveledto phenomenshat
are quite uncommonin the Arctic winter: large solid PSC
particles[e.g., Fahey et al., 2001], widespreaddenitrifica-
tion [e.g.,Santeeetal., 2000;Poppetal., 2001,andothers],
andlarge ozonelosseq Santeeetal., 2000;Sinnhubeetal.,
2000; Richard et al., 2001; Gao et al., 2001, and others].
Neitherwidespreaddenitrificationnor as much ozoneloss
atsomelevelsasin 1999-2000nereseenin thecomparably
cold1995-1996winter[e.g.,Santeeetal., 1996,2000,2001;
Manne etal., 1996a].

5. Discussionand Conclusions

We have comparedtemperaturegrom the Met Office,
NCER REAN, FUB, ECMWF, and DAO (for 1999-2000)
analysedn the 1999-2000and 1995-1996Arctic winters.
Temperaturdistoriesfrom trajectorycalculationsverecom-
paredfor all exceptthe FUB analyss. Thetwo winterscho-
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Figure 3. Asin Figure2, but for 20 February2000.Note thattheright-hand(continuousdaysat T<195K) axisgoesonly to
7.5days,asopposedo 30 daysin Figure2 for 10 January2000.
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senfor studywerethe coldestrecentwinters,andamongthe
most frequently usedin Arctic polar processstudies. Al-
thoughthey werecomparablycold in JanuaryandFebruary
the meteorologicakituationswereotherwisevery different,
with the cold region typically centeredn the vortex during
1999-2000andnearthevortex edgein 1995-1996.

Minimum lower stratospheritemperaturetypically vary
by up to ~5 K betweenthe analyses Areasof low tem-
peratureusually vary up to ~25% betweenanalysesdur
ing cold periods,with occasionalvariationsof over 50%.
Thereareseveral periodsduringwhich oneor two analyses
standout assignificantly different. In DecemberlndJanu-
ary 2000, Met Office temperaturesveresubstantiallylower
than thoseof eachof the other analyses;during the same
period, NCEPtemperaturesveretypically highest.In con-
trast, in 1995-1996,Met Office temperaturesvere among
thehighestandNCEPtemperatureamongthelowest.Jan-
uary2000would bethoughtto bewarmerthanJanuaryl 996
if looking at NCEPdata,but the oppositeconclusiornwould
be dravn by looking at Met Office, REAN, ECMWF, or
FUB. In 1995-1996peforesubstantialmprovementsn the
ECMWEF analysissystemand lower stratosphericvertical
resolution ECMWF temperaturesiereamongthe warmest
at 50 hPa but amongthe coldestat 30 hPa; in 1999-2000,
ECMWTFtemperatureagreednuchbetterwith otheranaly-
ses.LargestdiscrepanciebetweerE CMWF andotheranal-
yseswerein late1995andin January 996 ,beforetheswitch
to a3D-Var assimilatiorsystem.

Differencedetweertemperaturanalysesveregenerally
largerin 1995-1996thanin 1999-2000;sinceonly one of
theanalysegECMWF) underwent/ery substantiathanges
betweenthesetwo years,this is likely to be relatedin part
to the differentmeteorologicaktonditionsin the two years.
In the morevariablesituationin 1995-1996 with very low
temperaturesftennearthevortex edge whetherananalysis
capturedparticularlocal featuresnaydependmnorestrongly
onthehorizontalandverticalresolutionandon thedetailsof
how thedataareingestednto the analysissystem.

Several of the analyse{REAN, andoften NCER DAO,
and ECMWEF) typically have a warm bias at low tempera-
tureswith respectto the averagefor all analyses.A simi-
lar biasis seenin the Met Office analysesn Januaryand
March 1996, but a cold bias at the lowesttemperaturess
seenn 1999-200Gandin Februaryl996.The FUB datausu-
ally shaw the opposite beinggenerallycolderthantheother
analysesat T<205 K. At higher temperaturesFUB data
are generallywarmer and NCER REAN, and frequently
Met Office, colder thanthe average. The amountof scatter
seerbetweerthe FUB temperatureandtheaveragas much
largerthanin ary of the otheranalysesAs subjectve analy-
sesbasedalmostentirely on radiosondeshe FUB analyses
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closelyfollow extremain radiosondalatanearthe obsera-
tion locations put aremorepoorly constrainedhantheother
analysesway from theselocations. The closematchto ra-
diosondedataat the obsenationlocationsmay alsoexplain
therelative cold biasof the FUB at low temperaturessince
someof the otherproductstypically have a warm biaswith
respecto sondesat low temperaturege.g., Knudsen 1996;
Manng etal., 1996b;Pullenand Jones 1997].

Temperaturénistoriesfrom trajectorycalculationsusing
the Met Office, NCER REAN, ECMWEF, andDAO analyses
shov how differenceshetweenanalysesmay impact polar
processingstudies. In thesediagnosticsthe effect of dif-
ferent meteorologicalconditions(not merely temperature)
on the comparisonbetweenanalysesbecomesaven more
pronounced Substantiabnd persistentdifferencedbetween
the analyzedtemperaturesn January2000were described
above, of similar magnitudeto thosein otherperiodsstud-
ied. However, the differencesetweertemperaturdiistories
for January2000 are considerablysmallerthanfor ary of
the otherperiods. This periodwasonly slightly colderthan
the Januaryand February1996 periodsstudied; more sig-
nificantthanthe large region of low temperaturess the fact
thatthe cold region wasapproximatelycenteredwithin the
vortex, sothatmary of theparceldn theinitially coldregion
were simply adveded within thatregion. In January2000,
althoughtemperaturaifferenceded to variationsbetween
analysesn the detailsof locationsthat spentthe mosttime
atlow temperatureghedistributionsof “potential PSClife-
times” and total time spentat T<Tnar were qualitatvely
similar for eachof the meteorologicabnalysesin the other
case®xaminedhere,the analyseshaved qualitatively dif-
ferentdistributionsof both potentialPSClifetimesandtotal
time spentat low temperaturethe maximumdifferencein
theaveragetotal time at T<195K wasalmost6 days.

Estimatesof potential PSC lifetimes for January2000
shav peaksnearl-2 days,4-6 days,11-14days,and19-24
days(with thoseat 4-6 daysand11-14daysaccountingfor
morethanhalf the parcels).Averagdifetimesare9-10days
andlocatedin a deepminimum in the distributions. Each
of theotherperiodsstudied(February2000andJanuaryand
Februaryl996)hadaveragelifetimesfrom 1.6-4days,with
peaksat differenttimesin differentanalyses. The Febru-
ary 2000lifetimes were shortbecausét wasnot very cold;
the 1996lifetimeswereshortbecausgarcelspassedapidly
into andout of alarge cold region. Althoughthefour cass
shavn heremay not representhe mostpersistentlycold pe-
riodsin eachwinter, andthusmay not comparethe longest
lifetimesin eachyear the generalpatternof differencese-
tween1996 and 2000is persistenthroughoutthe winters.
Thesefour casespana variety of the meteorologicatondi-
tionsencounteredh the Arctic winter. For acomprehensie
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surwey onewould wantto do calculationgfor mary periods
[e.g., Tabazadelet al., 2000]; this is feasiblebecauseanly
~40-80parcelsin the cold region areneededo capturethe
main featuresof the distributions. However, it is important
to keepin mind that an averagelifetime from suchcalcu-
lationsprovideslittle informationaboutthe typically broad
andmulti-pealeddistributions. In addition,calculationsun
alonga smallernumberof trajectories suchasthosedone
by Tabazadetet al. [2001] for 20 parcels,may not capture
all theimportantfeaturesf thetemperaturdnistory.

Potentially long PSC lifetimes in January2000, com-
paredto thosein the comparablycold 1995-1996winter,
are consistentwith reportsof widespreadienitrificationin
1999-2000but notin 1995-199¢[e.g., Santeest al., 2000].
Long continuouscold periodswould spurthe formation of
large particlesthat quickly sedimentasreportedby Fahey
et al. [2001]. The effect of the contrastingmeteorological
situationsin 1999-2000and 1995-19960n chlorine actva-
tion and ozonelossis much more complicated,as the lo-
cationof the cold region on the vortex edgein 1996 would
be expectedto favor the distribution of activated chlorine
throughoutthe vortex, and the asymmetryof the vortex
would alsotendto positionit soasto receve moresunlight,
thusfacilitating greaterozoneloss[e.g. Waters et al., 1993;
Manng etal., 1997;Santeestal., 1997]. Ontheotherhand,
somestudiesndicatethatdenitrificationmayenhanc®zone
loss[e.g.,Rexetal., 1997;Tabazadeletal., 2000;Gaoetal.,
2001]. Thusit is notimmediatelyobviouswhich setof con-
ditions might leadto greaterozoneloss,althoughsomeob-
senationalstudiesndicategreatedossesat certainaltitudes
in 1999-200(e.g.,Santeeetal., 2000]. Many detailedmod-
eling studiesarebeingdonefe.g.,Daviesetal., 2001;Drdla
etal., 2001;Drdla and Stoeber] 2001;Grool3etal., 2001]
in anattemptto addresgheseissues.In the performancef
suchstudiesall of whichdependnone(or more)of theme-
teorologicalanalysegliscussedhere,it is importantto keep
in mind that substantialquantitatve and qualitatve differ-
enceganay arisefrom the choiceof meteorologicahnalysis
productsused.
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